Members of the intracellular nucleotide-binding and oligomerization domain (NOD)-like receptor (NLR) family contribute to immune responses through activation of nuclear factor-kB (NF-kB), type I interferon and inflammasome signalling 1 . Mice lacking the NLR family member NLRP6 were recently shown to be susceptible to colitis and colorectal tumorigenesis [2] [3] [4] , but the role of NLRP6 in microbial infections and the nature of the inflammatory signalling pathways regulated by NLRP6 remain unclear. Here we show that Nlrp6-deficient mice are highly resistant to infection with the bacterial pathogens Listeria monocytogenes, Salmonella typhimurium and Escherichia coli. Infected Nlrp6-deficient mice had increased numbers of monocytes and neutrophils in circulation, and NLRP6 signalling in both haematopoietic and radioresistant cells contributed to increased susceptibility. Nlrp6 deficiency enhanced activation of mitogen-activated protein kinase (MAPK) and the canonical NF-kB pathway after Toll-like receptor ligation, but not cytosolic NOD1/2 ligation, in vitro. Consequently, infected Nlrp6-deficient cells produced increased levels of NF-kB-and MAPK-dependent cytokines and chemokines. Thus, our results reveal NLRP6 as a negative regulator of inflammatory signalling, and demonstrate a role for this NLR in impeding clearance of both Gram-positive and -negative bacterial pathogens.
Despite the availability of antibiotics, bacterial infections continue to threaten public health worldwide. According to estimates from the US Centers for Disease Control and Prevention, roughly 48 million people in the United States get ill every year owing to foodborne illnesses, resulting in 3,000 deaths annually 5 . Listeria and Salmonella belong to the top three pathogens contributing to foodborne infections resulting in death 5, 6 . L. monocytogenes and S. typhimurium are facultative intracellular pathogens that can survive and replicate within macrophages and dendritic cells. Listeria rapidly escapes the phagosome to replicate in the cytosol, whereas Salmonella lacks a phagosomal escape mechanism and inhabits the Salmonellacontaining vacuole [7] [8] [9] . A deeper understanding of the mechanisms by which these and other bacterial pathogens are sensed by the immune system may contribute to new approaches for developing antimicrobials. Cells of the innate immune system detect microorganisms by means of a limited set of evolutionary conserved pattern recognition receptors (PRRs) 10 . NLR proteins represent a family of intracellular PRRs that survey the cytoplasmic compartment for infectious agents and cellular damage 1 . NLRs such as NOD1 and NOD2 contribute to host defence against microbial pathogens by inducing the production of pro-inflammatory cytokines through activation of NF-kB and MAPK signalling, whereas NLRs such as NLRP1, NLRP3 and NLRC4 facilitate the activation of inflammatory caspases in large multiprotein complexes termed inflammasomes 11, 12 . Our knowledge of the former NLRs has markedly improved in recent years, but initial characterization of NLRP6 has only recently been reported [2] [3] [4] 13 . These studies demonstrated that NLRP6 contributes to protection against colitis, colorectal tumorigenesis and non-alcoholic steatosis by regulating the integrity of the epithelial barrier and by altering the composition of the gut microflora [2] [3] [4] 13 . However, the role of NLRP6 in host defence against microbial pathogens, and the signalling pathways it regulates remain unclear.
To characterize NLRP6 expression in immune cells, Nlrp6 transcript abundance in immune and epithelial cells was analysed by realtime quantitative PCR (qPCR). As previously reported 14 , neutrophils and T cells showed the highest expression levels for Nlrp6, followed by macrophages, epithelial cells and dendritic cells ( Supplementary  Fig. 1 ), suggesting that NLRP6 may have an important role in these cell types. The domain architecture of NLRP6 resembles that of NLRP3, and consists of an amino-terminal Pyrin domain, a centrally located nucleotide-binding domain and a stretch of carboxy-terminally located leucine-rich repeats 1 . Nlrp6-deficient mice have been described [2] [3] [4] 13 , and animals appeared healthy and did not display gross abnormalities when housed in a specific-pathogen-free facility (data not shown). To characterize the role of NLRP6 during microbial infections, wild-type (C57BL/6J) and Nlrp6 2/2 mice were infected intraperitoneally (i.p.) with a lethal dose of 10 6 colony-forming units (c.f.u.) of L. monocytogenes. Whereas the entire cohort of wild-type mice succumbed to infection within 5-6 days, 75% of Nlrp6 2/2 mice survived the infection and were still alive at day 20 after infection ( Fig. 1a ). In agreement, wild-type mice lost on average 20% of their initial body weight before succumbing to infection, whereas in Nlrp6 2/2 mice weight loss was initially limited (,10% by day 3) and body weight gradually returned to normal levels after day 4 ( Fig. 1b ). To examine whether differential mortality in wild-type and Nlrp6 2/2 mice was associated with differences in bacterial dissemination, bacterial burdens in systemic organs were determined at days 1 and 3 after infection. Notably, both the liver and spleen of Nlrp6 2/2 mice contained significantly less bacteria than those of wild-type mice at day 1 (Fig. 1c, d) ; this difference increased further by day 3 after infection ( Fig. 1e, f ). Immunohistochemical analysis of liver sections confirmed L. monocytogenes to be nearly absent from the liver capsules of Nlrp6 2/2 mice, whereas those of wild-type mice were morphologically distorted owing to high pathogen counts ( Fig. 1g ). L. monocytogenes infection is known to trigger histopathological lesions and the formation of inflammatory cell foci, the size of which correlates with disease severity 15 . To examine the extent of immune cell infiltration, haematoxylin and eosin (H&E)-stained liver sections of L. monocytogenesinfected wild-type and Nlrp6 2/2 mice were compared. In agreement with our previous results, inflammatory cell foci in Nlrp6 2/2 livers were significantly smaller than those found in wild-type mice at day 3 after infection ( Fig. 1h and Supplementary Fig. 2 ). To examine the role of NLRP6 during alternative infection routes, cohorts of wild-type and Nlrp6 2/2 mice were infected with L. monocytogenes intravenously (i.v.). As with i.p.-infected animals ( Fig. 1e , f), bacterial counts in the liver and spleen of i.v.-infected Nlrp6 2/2 mice were significantly lower than the burdens measured in wild-type mice at day 3 after infection ( Supplementary Fig. 3 ). Nlrp6 2/2 mice were recently shown to have an altered microflora composition that is transferable to co-housed wild-type mice 3 . In agreement, 16S ribosomal RNA analysis confirmed an increased abundance of Bacteroidetes (Prevotellaceae family) in the gastrointestinal tract of Nlrp6 2/2 mice relative to the microbiota composition of separately housed wild-type mice ( Supplementary Fig. 4a ). Co-housing wild-type and Nlrp6 2/2 mice for 4 weeks equalized the prevalence of Prevotellaceae in these mice ( Supplementary Fig. 4a, b ). However, co-housing did not alter the resistant phenotype of Nlrp6 2/2 mice to L. monocytogenes infection because Nlrp6 2/2 mice contained fewer bacteria in the spleen and liver compared with the levels of co-housed wild-type mice ( Supplementary Fig. 4c, d) . These results suggest that NLRP6 regulates L. monocytogenes infection independently of its microflora composition.
To determine whether resistance of Nlrp6 2/2 mice to infection is specific to L. monocytogenes or extends to other pathogens, cohorts of wild-type and Nlrp6 2/2 mice were infected i.p. with S. typhimurium. Resistance to S. typhimurium infection was increased in Nlrp6 2/2 mice as illustrated by the significantly lower bacterial burdens detected in the liver and spleen at days 1 (Fig. 1i , j) and 3 ( Fig. 1k , l) after infection. Inbred mice may carry distinct alleles of mouse Nramp1 (also known as Slc11a1, solute carrier family 11 and natural resistance-associated macrophage protein one), the gene products of which may differentially regulate host resistance to Salmonella and other bacterial pathogens 16 . Nramp1 transcripts of both Nlrp6 2/2 and wild-type mice encoded the NRAMP1(Gly169Asp) polymorphism (data not shown), ruling out a possible effect on the increased resistance of Nlrp6 2/2 mice to Salmonella infection. Because both S. typhimurium and L. monocytogenes are facultative intracellular pathogens, we determined whether NLRP6 modulated resistance against extracellular pathogens such as E. coli as well. To this end, we analysed c.f.u. in systemic organs of wildtype and Nlrp6 2/2 mice 2 days after infection with this Gram-negative extracellular pathogen. Notably, bacterial burdens in the liver and spleen of Nlrp6 2/2 mice were significantly lower than in wild-type mice ( Supplementary Fig. 5 ). Together, these results suggest that NLRP6 may promote systemic dissemination and growth of both Gram-negative and -positive bacteria (S. typhimurium and L. monocytogenes, respectively) as well as intracellular and extracellular bacteria (S. typhimurium and E. coli, respectively) in infected hosts.
Myeloid cells have important roles in early host defence responses against microbial pathogens. They develop in the bone marrow, but egress into the circulation after infection 17 . Because Nlrp6 is expressed in monocytes and neutrophils ( Supplementary Fig. 1 ), we initially made use of an automated haematology analyser-which determines blood cell types based on morphology-to characterize the influx of monocytes and neutrophils in peripheral blood of wild-type and Nlrp6 2/2 mice. Before infection, monocyte and neutrophil precursors in the bone marrow were similar ( Supplementary Fig. 6 ), and no significant differences in the counts of circulating monocytes and neutrophils were noted in naive wild-type and Nlrp6 2/2 mice ( Supplementary Fig. 7 ), suggesting that basal differentiation of myeloid progenitor cells was not affected in these mice. However, both the fraction and total cell counts of circulating monocytes and neutrophils were markedly higher in the peripheral blood of L. monocytogenes-infected Nlrp6 2/2 mice ( Fig. 2a, b ). To confirm these results, immune cell infiltration in the peritoneal cavity of L. monocytogenes-infected animals was analysed by flow cytometry. Basal monocyte and neutrophil populations in the peritoneal cavity of naive wild-type and Nlrp6 2/2 mice did not differ (data not shown). By contrast, significantly higher infiltration of monocytes and neutrophils was observed in the peritoneal cavity of L. monocytogenes-infected Nlrp6 2/2 mice compared with wild-type mice (Fig. 2c, d and Supplementary Fig. 8a, b ). Unlike granulocyte populations, the numbers of circulating lymphocytes and infiltrated T cells in the peritoneal cavity were similar in L. monocytogenes-infected wild-type and Nlrp6 2/2 mice ( Supplementary Fig. 8c, d ). Concurrently, Nlrp6 deficiency did not alter the induction of T-cell responses because the frequency and number of ovalbumin (OVA)-specific CD8 1 T cells were similar in wild-type and Nlrp6 2/2 mice that were infected with OVA-expressing Listeria ( Supplementary Fig. 9 ). Taken together, these results suggest that NLRP6 inhibits the influx of monocytes and neutrophils to the circulation and to the peritoneum during bacterial infections.
To examine further the cell types responsible for NLRP6-mediated dissemination of bacterial infections, we created wild-type and Nlrp6 2/2 bone marrow chimaeras. Bone marrow reconstitution was confirmed to reach a level of approximately 95% in irradiated mice (data not shown). As expected, Nlrp6 2/2 mice that were transplanted with Nlrp6 2/2 bone marrow were more resistant to L. monocytogenes infection than wild-type mice receiving wild-type bone marrow ( Fig. 2e-g) . Notably, the wild-type mice transplanted with Nlrp6 2/2 bone marrow and the Nlrp6 2/2 mice that received wild-type bone marrow showed an intermediate level of protection against L. monocytogenes ( Fig. 2e-g) . Indeed, weight loss ( Fig. 2e ) and bacterial dissemination to the spleen and liver (Fig. 2f , g) of these two chimaera groups were in between the levels seen for the two control groups ( Fig. 2e-g) . These results suggest that both haematopoietic and 
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non-haematopoietic cells contribute to NLRP6-mediated inhibition of bacterial clearance.
To gain understanding of the signalling mechanisms by which NLRP6 regulates bacterial infections, we first examined bacterial clearance by in vitro cultured Nlrp6 2/2 macrophages. Phagocytosis and bacterial replication of L. monocytogenes in Nlrp6 2/2 bone marrow-derived macrophages (BMDMs) were comparable to those of wild-type macrophages ( Supplementary Fig. 10 ). Unlike results from overexpression studies 14 , but in agreement with a recent report that used NLRP6 short interfering RNA (siRNA) knockdown in human PBMCs 18 , we found NLRP6 to be dispensable for inflammasome activation by L. monocytogenes and S. typhimurium because neither caspase-1 processing nor maturation of IL-1b was affected in Nlrp6-deficient macrophages infected with these pathogens or stimulated with the bacterial ligands lipopolysaccharide (LPS) and the synthetic lipoprotein Pam3CSK4 in the presence of ATP ( Supplementary Fig. 11 ).
We next assessed the potential role of NLRP6 in regulating activation of NF-kB and MAPK signalling in macrophages infected with L. monocytogenes. In wild-type BMDMs, the phosphorylation of extracellular signal-regulated kinases 1 and 2 (ERK1/2) and IkB peaked 60 min after infection and gradually diminished thereafter (Fig. 3a, b ). Infected Nlrp6 2/2 macrophages had significantly increased phospho-ERK1/2 levels, and failed to downregulate phospho-IkB (Fig. 3a, b ). In addition to macrophages, Nlrp6 2/2 neutrophils also responded to L. monocytogenes infection with increased phospho-IkB and phospho-ERK1/2 levels ( Supplementary Fig. 12a ), suggesting that NLRP6 may negatively regulate NF-kB and ERK activation downstream of TLRs. In agreement, the TLR2 ligand Pam3CSK4 also induced increased phospho-ERK1/2 and phospho-IkB levels in Nlrp6 2/2 BMDMs (Fig. 3c, d) . Similar observations were made using the TLR4 ligand LPS (Fig. 3e, f) . Increased phospho-IkB and phospho-ERK1/2 levels were also noted in liver lysates of infected Nlrp6 2/2 mice (Fig. 3g, h) . Unlike with TLR agonists, phospho-IkB and phospho-ERK1/2 levels induced after ligation of the cytosolic receptors NOD1 and NOD2 were similar in wild-type and Nlrp6 2/2 cells ( Supplementary Fig. 12b, c ), suggesting that NLRP6 is specifically involved in negatively regulating TLR-induced NF-kB and MAPK activation. Thus, in marked contrast to overexpression studies 14 , our results in Nlrp6 2/2 cells suggest that NLRP6 may diminish rather than enhance TLR-induced activation of NF-kB and ERK signalling. To confirm the role of NLRP6 in regulating these pathways further, we measured the production of NF-kB-and MAPK-dependent cytokine and chemokine levels at different time points. Abundance of tumour necrosis factor (TNF)-a, interleukin (IL)-6 and keratinocyte chemoattractant (KC) transcripts in cell lysates and secreted cytokines in culture supernatants were significantly higher in Nlrp6 2/2 macrophages infected with L. monocytogenes, or stimulated with Pam3CSK4 and LPS ( Supplementary Fig. 13a-d) . Interferon-b transcript levels nearly doubled in LPS-stimulated Nlrp6 2/2 macrophages after 2 h stimulation, but subsequently returned to levels of wild-type cells ( Supplementary Fig. 14) . Cytotoxicity was limited to baseline levels in both wild-type and Nlrp6 2/2 macrophages, ruling out an important role for cell death induction in differential secretion of cytokines and chemokines ( Supplementary Fig. 15 ). Increased levels 0  15  15  30  30  60  60  120  120  240  240 min WT Nlrp6 -/- monocytogenes. Blood was analysed for different cell populations based on their morphology. c, d, At 6 h after infection, peritoneal lavage was performed on mice infected as above, and the cells collected were analysed as CD11b 1 Gr1 2 (also known as Itgam 1 Ly6g 2 ; monocytes) and CD11b 1 Gr1 1 (neutrophils) cells. e, Bone marrow chimaera mice were generated for Nlrp6 as described in Methods. The percentage of weight loss in four groups of chimaeric mice is shown. f, g, Different groups of chimaeric mice were infected with L. monocytogenes and bacterial loads were determined in the liver (f) and spleen (g) on day 3. Data show mean 6 s.e.m. of a representative experiment. *P , 0.05; **P , 0.01; ***P , 0.001.
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of IL-6 and KC were also measured in serum and the peritoneal cavity of infected Nlrp6 2/2 mice ( Supplementary Fig. 13e, f) . These results suggest that NLRP6 specifically suppresses TLR-induced NF-kB and MAPK activation during L. monocytogenes infection in vitro and in vivo. NF-kB belongs to a family of nuclear transcriptional regulators that initiate pro-inflammatory gene expression 19 . To determine whether canonical or non-canonical NF-kB activation is altered in Nlrp6deficient cells, we analysed the phosphorylation status of the noncanonical NF-kB effector p100, whereas p105 phosphorylation status was monitored as a parameter of canonical NF-kB signalling. L. monocytogenes infection induced significantly higher levels of phosphorylated p105 in Nlrp6 2/2 macrophages, whereas those of phosphorylated p100 were similar in wild-type and Nlrp6-deficient macrophages (Fig. 4a ). Similar results were obtained when analysing the isolated cytosolic fraction of L. monocytogenes-infected cells (Fig. 4a ). Furthermore, this correlated with increased translocation of the NF-kB subunit RelA (also known as p65) in the nuclear fraction of infected Nlrp6-deficient cells, whereas the levels of the non-canonical effector RelB were similar in wild-type and Nlrp6 2/2 macrophages (Fig. 4a ). Confocal immunofluorescence microscopy of L. monocytogenes-infected wild-type and Nlrp6 2/2 cells confirmed the increased nuclear translocation of RelA in the latter genotype (Fig. 4b, c ). Increased p105 phosphorylation was also evident in total and cytosolic lysates of Pam3CSK4-stimulated Nlrp6 2/2 macrophages (Fig. 4d ). In addition, enhanced RelA translocation was confirmed by western blotting in nuclear lysates and by confocal immunofluorescence staining (Fig. 4d-f ). qPCR analysis of interleukin-1 receptorassociated kinase M (IRAK-M) and the NF-kB negative regulator A20 failed to demonstrate differential expression of these negative regulators of TLR signalling in LPS-and Pam3CSK4-stimulated Nlrp6-deficient cells ( Supplementary Fig. 16 ). Although further analysis is required to determine the precise level at which NLRP6 negatively regulates TLR-induced responses, our results indicate that NLRP6 suppresses TLR-induced MAPK and canonical NF-kB signalling to dampen the production of pro-inflammatory cytokines and chemokines during bacterial infection. NLRP6 activation consequently leads to increased susceptibility to both intracellular (L. monocytogenes and S. typhimurium) and extracellular (E. coli) as well as Gram-positive (L. monocytogenes) and -negative (E. coli and S. typhimurium) bacterial pathogens. Our bone marrow chimaera experiments suggested that the haematopoietic and non-haematopoietic compartments contribute to the increased resistance of Nlrp6 2/2 mice to infection. We further demonstrated here that NLRP6 has a crucial role in regulating host and immune responses in cells of the myeloid lineage, and further analysis is required to determine the specific nonhaematopoietic cell type(s) contributing to NLRP6-mediated host defence signalling in vivo.
The detrimental role of NLRP6 during systemic infection with bacterial pathogens appears in sharp contrast to its protective role in gastrointestinal tract, where it contributes to maintaining a healthy composition of the gut microbiota 20 . We propose that these apparently contradictory roles of NLRP6 may be explained by the spatiotemporal context in which it operates. As NLRP6 seems to be essential for dampening the production of pro-inflammatory cytokines and chemokines downstream of TLRs, it may have a protective role under conditions in which strong inflammatory responses might be detrimental to the host (as during colitis). On the other hand, NLRP6 may play an adverse role during situations such as bacterial infections in which potent inflammatory responses would be protective to the host.
Notably, previous studies characterizing the NLR family members NOD1, NOD2, NLRC4 and NLRP3 all pointed to a protective role for these NLRs in clearing microbial pathogens, and deficiency in these NLRs led to increased morbidity and mortality in infected animals [21] [22] [23] [24] . By contrast, our data suggest that NLRP6 dampens inflammatory signalling, thereby promoting bacterial dissemination and colonization of systemic organs of the host. In light of these findings, we propose that one subclass of NLRs (including NOD1, NOD2 and NLRC4) may directly respond to microbial pathogens detected in cytosolic compartment by initiating pro-inflammatory signalling that eventually contributes to bacterial clearance. A second subclass of NLR proteins, such as NLRP6, may act as a molecular switch to dampen or silence TLR-induced pathways triggered by extracellular recognition of bacterial ligands to prevent overt pathology. Regardless, our results highlight a crucial role for NLRP6 in dampening host responses against several bacterial pathogens and suggest that therapeutic inhibition of NLRP6 activation may prove beneficial for treating infectious diseases.
METHODS SUMMARY
Nlrp6 knockout mice were generated as described previously [2] [3] [4] 13 . In vivo infection experiments were done on female mice that were 8-12 weeks old and were To study bacterial clearance, mice were infected with L. monocytogenes at a dose of 3 3 10 5 c.f.u. (i.p.). Immune cell infiltration in the circulation of infected mice was performed on blood collected by submandibular venipuncture and analysed on a Forcyte haematology analyser. Bone marrow chimaera experiments were done as described previously 25 . Bone marrow macrophages were prepared and infected as described previously 7 . Samples were run on SDS-PAGE and immunoblotted with antibodies as reported previously 7 . Data are expressed as mean 6 s.e.m. Differences were analysed by a Student's t-test. P values # 0.05 were considered significant.
